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Abstract
High-speed milling operations of thin walls are often limited by the so-called regenerative effect that causes poor surface finish. The
aim of this paper is to examine the link between chatter instability and surface roughness evolution for thin wall milling. Firstly, the
linear stability lobes theory for the thin wall milling optimisation was used. Then, in order to consider the modal interactions, an explicit
numerical model was developed. The resulting nonlinear system of delay differential equations is solved by numerical integration. The
model takes into account the coupling mode, the modal shape, the fact that the tool may leave the cut and the ploughing effect.
Dedicated experiments are carried out in order to confirm this modelling. This paper presents surface roughness and chatter frequency
measurements. The stability lobes are validated by thin wall milling. Finally, the modal behaviour and the mode coupling give a new
interpretation of the complex surface finish deterioration often observed during thin wall milling.
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1. Introduction
Currently, machining by material removal constitutes
one of the principal means of implementation for the
mechanical parts. However, the more particular case of
milling is the subject of many research works in order to
improve its productivity. One of the most important
factors affecting the performance of high-speed machining
is the appearance of vibrations between the part and the
tool. These regenerative vibrations appear when the
machining system cannot follow the dynamics imposed
by the cutting operation. Regenerative vibrations create
chatter. Chatter not only limits the productivity of cutting
processes, but also causes poor surface finish, reduces
geometrical accuracy, increases the rate of tool wear [1] and
reduces the life of the spindle.
Now, the tool vibrations are partially controlled by the
use of the stability lobes, allowing to choose the spindle
speed in order to limit the vibrations. However, the part
vibrations are more difficult to control because the
structures are changing during machining. It is the case
in the thin wall machining. Thus on the milled walls a rapid
change on the surface roughness [2], characteristic of
chatter vibrations can be observed.
The aim of this paper is to examine the link between
chatter instability and surface roughness evolution for thin
wall milling. This complex phenomenon was highlighted
and examined. The remainder of the paper is summarised
as follows. Section 2 presents an overview of the state of
the art in the thin wall milling modelling. The principle of
the modelling and the calculation of the dynamic
parameters are investigated in Section 3. Section 4 exposes
the experimental work done to examine the complex
surface finish. An interpretation of the relationship
between chatter frequency and surface roughness is
exposed. Comparisons between the modelling and the
experimentation were also carried out in this section.
2. Formulation
2.1. The state of the art
The vibrations of the couple tool-part have been known
since the years 1960. Tobias [3] and Tlusty [4] succeeded in
explaining the causes of these regenerative vibrations in
orthogonal cut, applied to turning. This knowledge is at the
base of the stability lobes theory, which makes it possible
to find the cutting depth of cut according to spindle speed,
from which, the machining system will become unstable. In
milling, cutting forces are difficult to define in a simple
analytical form because the chip thickness is variable and
the cut is discontinuous. A possible solution to this
problem is to expand the cutting coefficients in a Fourier
series. It is in the middle of the years 1990 that the first
modelling in analytical form appeared [5,6]; this modelling
is based on the mean value of the Fourier series. This
approximation is useful, because it leads to a closed form
expression for the stability lobes, the Hopf bifurcation.
Finally, this theory is suitable for the vibrations of the
tools, because the dynamic characteristics of the cutting
tool do not change during the machining.
Chatter due to the excitation of the part has also been
studied. Budak [7] studied not only the static deflexion of
the wall but also developed a frequency domain simulation.
In the thin wall case, this modelling cannot be applied
directly, because the characteristics of the part strongly
vary during machining [8,9], in particular with the remove
material. The stability lobes change during machining,
what leads to the addition of the third dimension,
corresponding to the tool position [10]. Bravo [11] extended
this approach by considering the frequency response
functions of both the machine and workpiece in the
finishing operation. Milling of workpieces with low
rigidity, like thin walls, implies to consider the static
and dynamic effects and their evolution during the
machining [12].
Recently, methods have been developed for the case of
low radial depth of cut milling. Davies [13] and Gradisek
[14] showed that those conditions generated new stable
zones inside unstable zones, due to period-doubling
vibrations, or Flip bifurcation. Recently, Zatarain [15]
and Insperger [16] studied the influence of the tool helix
angle on chatter stability. The helix angle does not affect
the Hopf bifurcation, characterised by the zero-order
solution [5,6]. On the other hand, the helix angle has a
very important role on the Flip bifurcation, and period-
doubling instability areas are now closed islands, multiples
of the tool helix pitch. Indeed, for axial depth of cut
multiples of the helix pitch, the cut is much more
continuous, the directional force coefficient becomes
constant in time and Flip chatter cannot arise, see [16].
Moreover, the manufacturers are interested in having a
prediction of the surface roughness of the finished part.
The bibliography shows many methodologies and practices
employed on this topic [17]. These methods make it
possible to predict a surface quality by taking into account
the influences of machining parameters, cutting tool
properties, workpiece properties, etc. But only the sophis-
ticated numerical simulation can study vibration in milling
by generating the machined surface shape [18,19]. The
surface shape prediction was only validated by experi-
mental results on a simple mass-spring test bench [20].
Corduan [21] set up experimental tests coupled with
numerical simulation in order to understand the link
between the surface shape and chatter vibrations on thin
walls. To this date, the author has concluded that on a real
part with thin walls, the numerical simulation is not able to
predict the surface shape correctly.
2.2. Problem presentation
In the aeronautical field, the thin walls are often
presented in the form of blades for the composition of
the turbo shaft engines. These are thin parts clamped on
one direction, see Fig. 1. In this paper, thin wall in
aluminium alloy 2017A was chosen, obtained by high-
speed machining.
The dynamic properties of such a workpiece have many
complexities. These parts have an infinity of modes, natural
frequencies, stiffnesses, damping ratio and modal shapes.
In an industrial context, the problem of chatter is usually
detected during the last step of the part development. In
order to reduce the cost, it is very difficult to change at this
time many parameters on the part manufacturing. The
spindle speed is the simplest and the most effective
parameter than can be adjusted. In this study, to approach
the industrial context, except the spindle speed, all the
parameters of the machining process were fixed: workpiece
geometry (thin wall), tool, machining strategy, thickness to
be removed, etc.
3. Modelling
3.1. Finite element analysis
Modelling by finite element using Ideass software was
implemented in order to obtain the dynamic characteristics of
the thin wall. The thin wall is modelled by 2D plates, although
a 3D model gives the same result. The mesh of the part has
been done with a 6-node quadratic triangular element.
A converging study on the natural frequency has shown that
653 nodes are sufficient, for a precision of 0.15%. This
modelling makes it possible to calculate the natural frequency
(f0) and the modal stiffness (k). The modal stiffnesses
calculated here, corresponds to the most flexible point: A,
the free corner of the wall, see Fig. 2. On the normalised
modal shapes F1(y), F2(y) and F3(y) relative to the mode 1, 2
and 3, it is easy to see the nodes and antinodes of each mode,
see Fig. 2. Then, hammer impact was conducted in order to
adjust the model to the real behaviour of the thin wall. The
damping ratio (x) was obtained by hammer impact because it
is almost impossible to predict. The dynamic parameters of
the thin wall are summarised in Table 1.
3.2. Stability analysis
From the dynamic characteristics obtained by calcula-
tions and validated by tests, machining stability can be
studied. To do this, the classical model used for the thin
wall will be presented.
This paper focuses on the peripheral finishing of a thin
wall. In this case, the helix pitch is small (small diameter of
the tool and large helix angle), the Flip areas are negligible,
and the authors [16] find the classical lobes characterised by
the Hopf bifurcation, see Section 2.1.
In this case, the model based on the work of Altintas and
Budak [5,6] is appropriate. The topic of the following is to
present the result of this model. In order to apply this
modelling, the main assumptions are the following:
 the tool is rigid compared with the workpiece, which
is considered to be globally flexible, but rigid in the
cutting zone,
Fig. 2. Modal shape and natural frequency for each mode.
Table 1
Dynamical parameters
Mode f0 (Hz) k (N/m) x (%)
1 5919 5.8 106 0.16
2 6441 3.4 106 0.11
3 8029 4.4 106 0.07
Fig. 1. Workpiece.
 the workpiece moves along the x direction only (Fig. 1),
like a single degree of freedom,
 the transfer function of the part in the x direction is
GxðiocÞ ¼ o
2
0
kðo20 ÿ o2c þ 2xo0ociÞ
; i2 ¼ 1, (1)
where k, x and o0 are, respectively the stiffness, damping
ratio and natural pulsation of the workpiece. Here, oc is
the chatter frequency.
The following linear cutting law was used: FT ¼
KTAPh(t) and FR ¼ krFT, where FT and FR are, respectively
the tangential and radial cutting forces, KT and kr are
the corresponding tangential milling force coefficient
and radial force coefficient ratio, AP is the axial depth
of cut and h(t) is the chip thickness. The cutting force
coefficients were chosen in coherence with the biblio-
graphy [14].
Our goal is to choose spindle speeds in order to facilitate
the stability or instability of the system; the results using
the stability lobes theory will be given directly. According
to [6], the axial depth of cut limit is expressed in the form
AP lim ¼ 1ðz=2pÞaxxKT<e½GxðiocÞ , (2)
where z is the number of teeth and axx the directional
milling coefficient
axx ¼ 1
2
½ÿcosð2yÞ ÿ 2ykr ÿ kr sinð2yÞfexfst ,
fst ¼ arc cos 2AED ÿ 1
 
fex ¼ p
8<
: , ð3Þ
where y is the tool angle engagement, D the tool diameter,
AE the radial depth of cut, fex and fst the down milling exit
and start angle, respectively.
<e GxðiocÞ½  is the real part of the structural transfer
function of a system with one degree of freedom:
<e GxðiocÞ½  ¼ 1
k
1ÿ d2
ð1ÿ d2Þ2 ÿ 4x2d2 ; d ¼
oc
o0
. (4)
The link between the chatter frequency oc and the
spindle speed N is
N ¼ 60oc
z 2mpþ 2pÿ 2arc tanððd2 ÿ 1Þ=ð2xdÞÞ  . (5)
Eqs. (2) and (5) constitute a system of parameterised
equations {AP(oc), N(oc)}m, with m an integer correspond-
ing to the number of full vibration cycles between two
teeth.
The natural modes of vibration are considered to be
uncoupled. This calculation is applicable to each natural
mode of vibration of the workpiece. In this case, the
material removed is small and the dynamic parameters are
considered constant. The graph, thus obtained is the mini-
mum of the graphs obtained for each mode, see Fig. 3. The
cutting parameters used for this plot are: down milling,
AE ¼ 0.2mm, KT ¼ 400MPa, kr ¼ 0.1, D ¼ 12mm, z ¼ 4
and the modal parameters of Table 1. For a 10mm axial
depth of cut, the resulting layout shows an optimal spindle
speed at 22 250 rpm, and a more unstable machining speed
at N ¼ 20 500 rpm. The stability limit of the second and the
third modes is exceeded, and these modes must vibrate
during the machining test. However with this classical
model, the modes are uncoupled and it is impossible to
predict the ever-changing predominant mode, and the
ploughing effect.
In conclusion, with the stability chart obtained only a
stable or unstable cutting condition can be chosen. For
unstable machining (AP ¼ 10mm and N ¼ 20 500 rpm), the
stability lobes do not model either the mode coupling or
Fig. 3. Stability chart.
the ploughing effect, only the modes, which vibrate are
found.
3.3. Dynamic model
This section presents how the specificities of the thin
walls can be taken into account. How the modal shape can
reveal or make chatter frequencies disappear will be shown.
A dynamic model is defined considering:
 the regenerative effect of the cut,
 the modal shape of each mode,
 the nonlinearity when the tool leaves the cut and
 the ploughing effect.
The main objective is to propose an explanation for sur-
face roughness variation observed during the test presented
in Section 4.2 (AP ¼ 10mm and N ¼ 20 500 rpm).
3.3.1. Definition of the model
To simplify the model in this paper, it was assumed here
that: the variation of displacement along the z-axis, in the
cutting zone, is supposed to be constant.
The limit given by the stability lobe of the first mode is
never exceeded for the cutting condition used during the
test. This is explained by the natural frequency of this mode
compared with the tooth-passing excitation but also by his
higher stiffness and damping. Moreover, the experimental
test does not show the contribution of this mode. Finally,
the first mode is neglected and only the two modes
appearing during the machining test, the second and the
third one, are taken into consideration.
It can be assumed that the tool is moving along the
workpiece at uniform speed V, and the displacement of a
point M0(t,y), is u(t,y) with y ¼ Vt, see Fig. 1. The modal
representation is used to decompose this displacement:
uðt;yÞ ¼ F2ðyÞq2ðtÞ þ F3ðyÞq3ðtÞ (6)
with {F2(y), F3(y)} the modal shapes associated with
the corresponding natural undamped pulsations o2 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2=m2
p
; o3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k3=m3
p
, {q2(t), q3(t)} the modal weights
functions that are solutions of the modal differential
equations associated with each vibrating mode
m2 €q2ðtÞ þ c2 _q2ðtÞ þ k2q2ðtÞ ¼ f 2ðtÞ ¼ F2ðMOÞF ðtÞ;
m3 €q3ðtÞ þ c3 _q3ðtÞ þ k3q3ðtÞ ¼ f 3ðtÞ ¼ F3ðMOÞF ðtÞ;
(
(7)
where m2, m3 are the modal masses; c2 ¼ 2x2
ffiffiffiffiffiffiffiffiffiffi
k2m2
p
; c3 ¼
2x3
ffiffiffiffiffiffiffiffiffiffi
k3m3
p
are the modal damping coefficients; k2, k3 are
the modal stiffnesses and F(t) is the cutting force
considered at the point M0.
The cutting force depends on instantaneous cutting
condition, the following form can be assumed:
F ðtÞ ¼ ½gðtÞ þ K2hðtÞrðhðtÞÞ, (8)
where g(t) represent a light-forced excitation, like a noise
function, the exact level or shape of this function is not
very significant but the model needs such noise to let the
chatter start. In order to simplify the presentation in this
paper, the following form g(t) ¼ K1 sin(oDt) is considered,
with K1 a small force coefficient and oD the tooth-passing
pulsation. It is possible to take into account harmonics of a
higher order, but the simulation has shown little influence,
this function is just a perturbation.
The K2 coefficient corresponds to the cutting coefficient
applied for the milling process, h(t) is the chip thickness
and can be approximated by h(t) ¼ fz+u(tÿt)ÿu(t), with fz
the feed per tooth and u(tÿt) the delayed term linked to the
regenerative effect. In fact, a linear cutting law was used,
where the cutting forces are proportional to the static (fz)
and dynamic (u(tÿt)ÿu(t)) chip thickness.
In real machining, the tool vibrations still have finite
amplitude. When the vibrations are too strong, the tool
leaves the cut, and no effort is applied during this time. In
order to model this, a unit function r(h(t)) was introduced.
It can be described as follows:
 when h(t)p0, r(h(t)) ¼ 0, the cutting forces are nil, and
no effort is applied,
 when h(t)40, r(h(t)) ¼ 1, the cutting forces are calcu-
lated by a linear cutting law.
In the thin wall milling the effect of the ploughing is very
important. Due to vibrations of the workpiece, the
clearance face of the tool is in contact with the material,
this ploughing effect increases the damping process and
limits the vibrations. In this modelling, the damping
process can be divided as follow:
 structural damping, measured by hammer impact and
 high damping when the ploughing effect is detected.
The occurrence of ploughing is detected when the angle
formed between the cutting speed Vc and the speed of
vibration qu(t,y)/qt, is higher than the clearance angle.
Then, the ploughing effect is modelled by increasing
artificially the structural damping by 500 (for the second
mode, for example, without ploughing x2 ¼ 0.11% and
with ploughing x2 ¼ 55%). The value of the high damping
linked to the ploughing effect was determined by simula-
tion. Indeed, with a much smaller value, the clearance angle
condition is not respected at all and with a greater value the
result is similar but computation time increases drastically.
3.3.2. Simple light-forced excitation
This section presents only the light-forced excitation
with K1 ¼ 1N, K2 ¼ 0 and r(h(t)) ¼ 1. The tooth-passing
pulsation oD ¼ 8586 rad/s corresponds to the test studied
in Section 4.2. These assumptions are preliminary here in
order to understand the modal shape effect on the system
response. Now, Eq. (7) is rewritten as below
m2 €q2ðtÞ þ c2 _q2ðtÞ þ k2q2ðtÞ ¼ F2ðVtÞK1 sinðoDtÞ;
m3 €q3ðtÞ þ c3 _q3ðtÞ þ k3q3ðtÞ ¼ F3ðVtÞK1 sinðoDtÞ:
(
(9)
The modes shapes are known by finite element analysis.
Moreover, it is assumed that, because of the small amount
of removed material during the final machining operation,
the modal basis was considered as fixed during the
operation. This assumption has been verified both by
calculus and experimentally. Eq. (9) can be analytically or
numerically solved with the values given in Table 2. Fig. 4
presents the system response. Nodes and antinodes appear
clearly in the modal shape.
In Fig. 4, the transient was observed at the beginning
and at the end (t ¼ 0 and 1.5 s). This transitory time can be
easily quantified, for example the time-constant for the
second mode is t2 ¼ 1/(x2o2) ¼ 22ms. Generally the end of
transient occurred after 3t2 (95%), so approximately 66ms.
When passing on a node, excitation decreases, its signs
change and its phase shifts by 1801, which forces the system
to follow the excitation. There is a shift time between node
passing and nil response, 1ms.
In this study, the transitory effects disappear very
quickly and have no significant effect on the response,
only at the beginning and at the end. In this section, the
modes are uncoupled, each mode reacting to the force
without any cross effect, and the two responses are
independent. In conclusion, this first approach showed
how the modal shapes affect the response system: on a
node the considered mode is not excited.
3.3.3. Regenerative effect
In order to model a real milling process, a technique
modelling the forced vibration and the regenerative effect
ARTICLE IN PRESS
Fig. 4. Effect of a simple forced excitation on the system response.
Table 2
Modal parameters values for resolution
Parameters Values
m2 0.002075kg
m3 0.001728kg
c2 0.1847N s/m
c3 0.1220N s/m
k2 3.4 106N/m
k3 4.4 106N/m
was presented. This model is made in order to show the
mode coupling due to the regenerative effect. The modal
equations were rewritten with Eqs. (7) and (8):
Introducing Eq. (6) in Eq. (10), the following equation is
obtained:
The light-forced excitation is modelled with the coeffi-
cient K1 ¼ 1N. The cutting force coefficient is modelled by
K2 ¼ 1/2KTAPaxx with KT ¼ 800MPa, AP ¼ 10mm, kr ¼
0.1, and axx ¼ ÿ0.116 see Eq. (3), then K2 ¼ ÿ4.6 105N/m.
The KT coefficient was slightly increased in order to take
into account the nonlinearity of the cutting law when the
tooth feed is near the radial depth of cut [8]. The time
delay t is equal to the tooth-passing period t ¼ 60/(Nz) ¼
7.3 10ÿ4 s, where N is the spindle speed in rpm and z is
the number of teeth of the tool. In this case, the test
presented in Section 4.2 was modelled with N ¼ 20 500 rpm
and z ¼ 4. The cutting speed is Vc ¼ NpD/60 ¼ 12.88m/s,
the clearance angle is 41 and the ploughing effect is
modelled by a damping increase of 500.
The system of nonlinear delayed differential Eq. (11),
does not have an analytical solution; a numerical resolu-
tion was used, with the coefficients of Table 2. The
numerical calculus is done with Matlabs software, using
the dde23 routine (delay differential equations). The scalar
relative error tolerance parameter is 1 10ÿ3 and the
absolute error tolerance is 1 10ÿ6. The results of this
numerical integration are presented in Fig. 5. The modal
shapes F2(y) and F3(y) of modes 2 and 3, the modal
weights functions q2(t) and q3(t) solutions of the Eq. (11),
the displacement u(t,y), and the displacement u(t,y) sampled
at the tooth-passing frequency can be found.
Near t ¼ 0 s, according to the previous section, the two
modes could vibrate because the excitation is on an
antinode. An increase in the second-mode amplitude is
observed, probably because it has the least stiffness. By
introducing other disturbing excitations, this can always be
observed. Then mode 2 vibrates strongly from the
regenerative effect, linked to mode coupling, the third
mode is also excited, but its amplitude is less important.
At t ¼ 0.5 s, mode 2 approaches on this node, it is then
slightly excitable, and its amplitude decrease rapidly.
Between t ¼ 0.5 and 0.7 s, the modelling showed a
transition zone, with low amplitude vibrations.
Near t ¼ 0.7 s, the excitation is on the antinode of the
third mode. At this time, it is more excitable, and its
amplitude increases rapidly. At t ¼ 0.90 s, the amplitude of
mode 3 decreases due to the approach towards the node.
Between t ¼ 0.90 and 1.12 s, a transition zone is still
observed, with low amplitude vibrations.
At t ¼ 1.12 s, the excitation approaches a node of mode
3, which is no longer excited. Then, mode 2 can start to
vibrate and prevents mode 3 from resuming to vibrate even
if it is not on its node.
The displacement of the part sampled at the tooth-
passing frequency indicates that when the amplitude of the
vibrations is too strong there is no regular pattern, which is
characteristic of a strongly unstable machining. However,
this representation gives a first indication of the displace-
ments at the scale of the tooth pass and thus an image of
corresponding roughness.
In this section, a dynamic model based on the
regenerative effect is presented. In this simple modelling,
most of the coefficients are given by the mechanical
characteristics. This modelling shows an original beha-
viour: the mode, which is vibrating dominates the other
modes. The dominating mode dies out only near its node.
On the sample, these changes can affect the surface
roughness. This approach will be validated in the experi-
mental part.
4. Experimental work
The cutting tests were carried out on a 3-axis high-speed
milling centre, with a 24 000 rpm spindle. The tool was a
carbide cylindrical end mill with four cutting edges, 12mm
diameter, 451 helix angle, 0.15mm corner radius, and
L ¼ 36mm overhang (L/D ¼ 3). A small overhang is
necessary to consider a rigid cutter on the spindle. The
tool static stiffness (42.5 106N/m) is at least 20 times
higher than the thin wall static stiffness (2.05 106N/m).
The cutter was mounted in a HSK 63A shrink fit holder. In
this case, the workpiece stiffness is very low and the tool
holder is not an important point; the tool holder in a grip
fit gives the same results.
The workpiece was made of 2017A aluminium alloy. The
machining of the thin wall starts from a solid block, see
Fig. 6. This organisation allows great accuracy on the wall
dimensions. Moreover, there is no improbability on the
wall fixtures and all the walls have the same dynamic
behaviour, in particular the damping ratio.
m2 €q2ðtÞ þ c2 _q2ðtÞ þ k2q2ðtÞ ¼ F2ðVtÞ K1 sinðoDtÞ þ K2 f z þ uðtÿ tÞ ÿ uðtÞ
  	
rðhðtÞÞ;
m3 €q3ðtÞ þ c3 _q3ðtÞ þ k3q3ðtÞ ¼ F3ðVtÞfK1 sinðoDtÞ þ K2½f z þ uðtÿ tÞ ÿ uðtÞgrðhðtÞÞ:
(
(10)
m2 €q2ðtÞ þ c2 _q2ðtÞ þ k2q2ðtÞ ¼ F2ðVtÞfK1 sinðoDtÞ þ K2½f z þ F2ðVtÞðq2ðtÿ tÞ ÿ q2ðtÞÞ þ F3ðVtÞðq3ðtÿ tÞ ÿ q3ðtÞÞgrðhðtÞÞ;
m3 €q3ðtÞ þ c3 _q3ðtÞ þ k3q3ðtÞ ¼ F3ðVtÞfK1 sinðoDtÞ þ K2½f z þ F2ðVtÞðq2ðtÿ tÞ ÿ q2ðtÞÞ þ F3ðVtÞðq3ðtÿ tÞ ÿ q3ðtÞÞgrðhðtÞÞ:
(
(11)
Vibrations of the part were measured in the x direction,
the perpendicular feed direction, by a laser vibrometer
without contact (produced by Ometron, VH300+). The
laser beam focussed on the side of the wall where the tool
stands, and the spot of the laser is fixed on a position, it
does not move with the tool. The spot size of the laser is
approximately 1mm, in order to average the scale of the
surface roughness. The laser beam is easy to use in an
industrial environment because it is without contact.
Machining does not need coolant fluid; moreover lubrica-
tion does not disturb the laser signal. It is however
compatible with micro lubrication.
There are various simple surface roughness parameters
used in industry [22], such as roughness average (Ra), root-
mean-square roughness (Rq), maximum height of the
profile (Rt), average maximum height of the profile (Rz),
etc. The three dimensions criteria such as sRa, sRt, seem
promising [23], because they give a complete view of the
surface, but they are not widely used in industry. In this
study, the parameters 2D, Ra and Rt are used, and well
correlated with 3D parameters. A pocket surf stylus type
instrument (produced by Hommel, Powerpack P500) is
used in this study due to its easy setup. A 3D profilometer
(produced by Optical Profil, WYKO NT 1100) was also
Fig. 5. Displacement computed for a real machining test.
used. This 3D measurement makes it possible to check the
results easily obtained in 2D by surfing stylus. It also
enables better understanding of the machined surface, by
3D views.
The thin wall was down-milled in finishing, with an axial
depth of cut of 10mm, a radial depth of cut of 0.2mm and
a feed rate of 0.05mm/tooth. Three thin walls were
machined with three spindle speeds: 24 000, 20 500 and
22 250 rpm. The first spindle speed (24 000 rpm) results
from the recommendations of the tool manufacturer, but
leads to strong vibration. The second (20 500 rpm) corre-
sponds to an arbitrary reduction of 15% in order to reduce
the vibration. The last (22 250 rpm) is selected by using the
stability lobes; see optimal windows in the stability chart
Fig. 3.
4.1. Global analysis: stability lobes validation
Three walls are milled with the spindle speeds previously
presented. In order to evaluate the surface quality, the
maximal roughness can be studied. The surface roughness
measurement shown here corresponds to the worst surface
finish of each workpiece. The results are given in Table 3.
In order to check the homogeneity of the surface, the
roughness measurement was made according to four lines
(Fig. 7). The measurements, repeated three times, are
equivalent, and the values presented are the average of
these measurements.
The results in directions 1, 2, 3 and 4 are in the same
order of magnitude. However, it is noted that roughness
according to direction 1 is slightly higher. This direction is
on the top of the clamped wall; therefore under the effect of
the cutting forces and the vibrations, the degradation of the
wall is greater and can explain this slightly higher rough-
ness. On the other hand, in direction 4, the surface quality
is less degraded. In the following, roughness is observed
only according to direction 1.
Fig. 8 summarises the maximal roughness in direction 1.
Poor surface finish can be noted for 24 000 and 20 500 rpm,
with an Ra close to 7 mm and an Rt of approximately
35 mm. The ratio between Rt and Ra is 5, which
characterises a very irregular surface with large hollows
and peaks. These two machinings are very unstable, and
this is correlated with the stability lobes, see Fig. 8.
On the other hand, for 22 250 rpm, the surface quality
corresponds to industrial requirements, with Ra ¼ 3.2 mm
and Rt ¼ 10.9 mm. In this case, the ratio between Rt and
Ra being close to 3, the surface is more homogeneous and
more regular than the previous ones. More stable machin-
ing can be found here.
In conclusion, the stability lobes are useful for thin wall
milling optimisation. This section focuses on the maximal
roughness (global analysis); however, the thin wall presents
important variations in roughness. Now the surface finish
of the sample obtained at 20 500 rpm will be studied more
precisely.
Fig. 6. Machining set up.
Table 3
Maximal roughness (Ra, Rt)
Spindle speed (rpm) Direction Ra (mm) Rt (mm) Rt/Ra
24 000 1 7.0 35.2 5
2 6.7 34.4 5.7
3 6.6 32.0 4.8
4 5.7 29.5 5.1
22 250 1 3.2 10.9 3.4
2 3.0 10.2 3.4
3 3.0 10.0 3.3
4 2.9 11.0 3.7
20 500 1 7.5 35.4 4.7
2 7.6 34.4 4.5
3 7.0 34.6 4.9
4 5.8 28.8 4.9
Fig. 7. Direction of roughness measurement.
4.2. Local analysis: roughness variation
4.2.1. Roughness analysis
The surface finish obtained on the final part is not
homogeneous; in fact several zones with very different
surface qualities were shown. In this part, surface rough-
ness of the part machined with N ¼ 20 500 rpm was taken
into consideration. Fig. 9 illustrates the various zones
obtained. The picture of the machined wall can be divided
into 5 distinct zones. It is necessary to calculate the surface
quality on each homogeneous zone. Roughness for each
zone was measured, first by the stylus type instrument in
2D, then by the 3D profilometre.
In Fig. 9, three important zones are visible. It is
interesting to note that the 2D graphs do not have the
same scales as the ordinates. The values of the roughness
obtained by the stylus in 2D and the values obtained in 3D
are equivalent; for example, for zone 2 Ra ¼ 0.9 mm and
sRa ¼ 1.1 mm. But these two criteria cannot be compared
because they are not the result of the same measurement.
These two parameters are complementary: Ra qualifies
profile in one direction only whereas sRa qualifies the
machined surface.
Zone 2 is characterised by good surface quality with
Ra ¼ 0.9 mm, Rt ¼ 2.7 mm and sRa ¼ 1.1 mm. The ratio
Rt/Ra is close to 3, which implies a more homogeneous
surface. These values are the optimum in peripheral
milling. The 2D profile, Fig. 9(a), reveals peaks and hol-
lows, the frequency of which is approximately 0.25mm,
this value is much greater than the feed rate (0.05mm/
tooth). This roughness is difficult to explain by only the
eccentricity of the tool.
Zone 3 presents the most degraded zone characterised by
Ra ¼ 7.5 mm, Rt ¼ 35.4 mm and sRa ¼ 7.6 mm. In this case,
the ratio between Rt/Ra is close to 5, with a more degraded
surface characterised by peaks and hollows. The profile,
Fig. 9(b), presents an undulation with a period of 0.7mm
Fig. 8. Correlation between maximum roughness in direction 1 and
stability chart.
Fig. 9. Roughness variation along the machined wall at 20 500 rpm.
relative to strong vibration, because the tool leaves the cut
periodically. The 3D photo, Fig. 9(e), reveals two different
types of grooves:
 inclined elementary grooves of a constant angle related
to the helix angle and
 larger grooves (observed previously), with a different
inclination angle, linked to strong vibration that print
this pattern on the surface.
Finally, zone 4 shows an intermediate zone with
Ra ¼ 3 mm, Rt ¼ 21.3 mm and sRa ¼ 3.1 mm. In this case,
the Ra is close to industrial requirement (3 mm), but the Rt
is much larger than 11 mm. The Ra limitation is shown
here, based on the area between the roughness profile and
its mean line. This is also valid for the 3D parameter: sRa,
which generalises the calculus along two axes. The ratio
between Rt/Ra is close to 7; there is a nonhomogeneous
surface. The profile shape, Fig. 9(c), does not present the
periodic wave, but reveals an irregular shape. It is an initial
degradation of the surface roughness, characteristic of a
transition zone.
The roughness results for all the spindle speeds are
collected in Table 4. The machined samples with 22 250 and
24 000 rpm can be divided into 7 distinct zones. Fig. 10
shows the results in the form of a histogram. Here, it is
clearly visible that on the same wall, there are various zones
with very different surface qualities.
In conclusion, on the same part, different surface
roughness are shown, although the cutting conditions
and the dynamic characteristics are constant. This beha-
viour is evoked by the modelling in Section 3.3. In order to
correlate the modelling, it is necessary to measure the
vibrations during machining.
4.2.2. Frequency vibration analysis
In order to measure the vibration frequencies during
machining, a laser vibrometre is used. This measuring
device records the temporal signal of the velocity of the
wall. It is possible to compute a fast Fourier transform
(FFT) of the signal in order to obtain the vibration
frequencies of the part during machining. Fig. 11 presents
the various vibration frequencies associated with each zone
for the machined sample at 20 500 rpm.
Machining starts on zone 5 and finishes on zone 1. Thus,
during the machining of zone 5, the part vibrated at a
frequency of nearly 7000Hz; this chatter frequency is due
to the second mode of the part. On the other hand, on zone
ARTICLE IN PRESS
Table 4
Roughness (Ra, Rt) measurement for every zones in mm
Spindle speed (rpm) Zones number
1 2 3 4 5 6 7
Ra Rt Ra Rt Ra Rt Ra Rt Ra Rt Ra Rt Ra Rt
24 000 1.8 9.8 4.5 23.8 3.3 15.4 7.0 35.2 1.6 9.2 0.8 3.8 1.3 8.1
22 250 1.6 6.0 1.6 5.7 3.2 10.9 1.5 5.3 2.0 7.7 2.5 8.8 3.0 10.9
20 500 4.3 32.0 0.9 2.7 7.5 35.4 3.0 21.3 4.2 22.8 – – – –
Fig. 10. Roughness for every zone at various spindle speed.
4, the part vibrates according to two modes in two ways
simultaneously; two peaks at 7000 and 8300Hz are visible.
It is a transition zone, quite difficult to analyse because the
vibration mode is changing. In the same way, it is noted
that on zone 3, the vibration frequency is approximately
8300Hz—which is the third mode. In zone 2, there is no
frequency clearly linked to the mode, but several harmo-
nics, which are not the tooth frequency (1366Hz), can be
found. It is also a transition zone difficult to exploit and to
measure by a point laser. Finally, in zone 1, the part
vibrates in the second mode. The first mode does not
intervene.
In conclusion, experiments show that the vibration
frequency of the part evolves during machining. The part
vibrates at several chatter frequencies separated by transi-
tion zones. The modelling presented in Section 3.3.3 is thus
validated qualitatively.
4.2.3. Correlation between experiment and modelling
Now that roughness for each zone of the samples and
vibration frequencies during machining are known, the
results can be correlated with the modelling. Fig. 12
presents the modal displacement computed by the model-
ling, the experimental sample, the surface roughness, and
the mode contributions for each zone.
For machining, starting with zone 5, modelling predicts
that the second mode vibrates like the experimental
measurement. The measurement shows that zone 4 vibrates
Fig. 11. FFT of the laser signal for each zone at 20 500 rpm.
Fig. 12. Correlation between the modelling and the experiment at 20 500 rpm.
according to two modes. Zone 4 observed in Section 4.2.1,
shows a degradation of surface roughness, now explained
by the two-mode vibration. During this transition, the zone
moves according to two modes, and the surface shape does
not show a repetitive profile. The modelling does not
present a particular mode vibration, whereas the experi-
ment reveals the second and the third modes simulta-
neously. Zone 3 vibrates strongly only in third mode. The
modelling shows this point by the great amplitude of the
third mode. Zone 2 is also a transition between the third
and second mode amplitudes. A dominant frequency is not
visible; as the modelling predicts this zone is still difficult to
correlate. Finally, zone 1 vibrates according to the second
mode. The modelling is accurate in this respect, because the
experimental zone corresponds to the modelling zone.
Contrary to expectations, the link between the vibration
amplitude and the surface roughness is too complex to give
predictive values. It is possible to interpret only the surface
roughness variation obtained after machining.
The largest discrepancies between the experiment and the
modelling are observed in the transition zone positions. It
is presently not clear what causes these discrepancies.
Possible reasons could be: the linear cutting law, the
simplified chip thickness calculation or the simplified
ploughing effect. But, other calculations showed that the
increase in the cutting coefficients has a beneficial effect on
the position of the transition zones. According to the recent
simulations [8], a nonlinear cutting law seems to be more
accurate at low radial depth of cut.
In conclusion, the correlation between the modelling and
the experiment is coherent. But there remain transition
zones, which are difficult to model and to analyse by the
various measurements. The simplified model proposes an
interpretation of the surface quality variations observed
during machining: the appearance and disappearance of
the various modes is controlled by their modal shape
(position of the nodes).
5. Conclusions
In this article, stability and variable surface roughness
was investigated in the case of thin wall milling with
multimode interactions. Based on both the simulation and
experimental investigation, the following points are made
clear.
(1) Stability lobes obtained by analytical approaches are
useful for thin wall milling optimisation. However, the
prevalence usually observed of a vibrations mode over
the other modes, although these other modes should
have strongly vibrated, is not explained without a
nonlinear mode coupling.
(2) A simple numerical model able to obtain coherent
vibration amplitudes is proposed. This model uses: the
regenerative effect of the cut, the modal shape, the fact
that the tool may leave the cut when the vibrations are
too strong, and the ploughing effect. Each specificity is
naturally linked to the thin wall milling and must be
included in this model in order to obtain acceptable
results.
(3) A simple explanation of the surface roughness varia-
tions along the workpiece is proposed: the vibration
mode during machining is mainly controlled by the
modal shape. The mode coupling effect is linked to the
regenerative effect and gives an advantage to the
mode, which started first, until a node of this mode is
encountered.
(4) There is a strong relationship between surface rough-
ness and vibration during machining. However, the link
between the vibration amplitude and the surface
roughness is too complex to give predictive values.
(5) The dynamic model presented here can be used and
modified easily: the equations are clarified in the article,
most of the parameters can be given by the machining
properties and the resolution is carried out by a
classical Matlabs routine.
(6) There is a reasonable correlation between the simula-
tion and the experiment, but gaps remain related to: the
linear cutting law, the simple ploughing effect.
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